INTRODUCTION
Intertidal animals inhabit a complex, variable and often unpredictable environment where they have to cope with periodic extreme events including summer heat or winter frost as well as desiccation and oxygen deficiency during low tide. The degree and duration of environmental stresses increase from low-to highshore levels (for a review see Raffaelli & Hawkins 1996) . At high-shore levels, the environmental conditions may not only become more extreme but are also characterised by high temporal instability and unpredictability. Numerous studies have shown that adaptation to life in the high intertidal may involve the increased thermal resistance of an organism (Stirling 1982 , McMahon 1990 , Sokolova et al. 2000a ); heat ABSTRACT: Mortality, rates of water loss, aerobic and anaerobic metabolic rates and changes in the parameters of cellular energy status were monitored in the intertidal gastropod Littorina saxatilis from different latitudes and shore levels during prolonged air exposure at elevated temperatures (30°C). Prolonged air exposure, imitating environmental conditions during summer low tide at highshore levels, resulted in the onset of anaerobic metabolism, as indicated by the significant accumulation of succinate and alanine and a considerable depletion of high-energy phosphates (ATP and phospho-L-arginine, PLA). However, anaerobic metabolism accounted for only 1 to 2% of total ATP turnover in all groups, the remainder being supplied by aerobic metabolism. Snails from the White Sea population, which were more resistant to prolonged air exposure at 30°C than North Sea specimens, demonstrated higher anaerobic capacity and a depression of overall metabolic rate by ca 20% in air, whereas the less-resistant North Sea animals displayed very low anaerobic metabolic rates and elevated aerial oxygen consumption rates (110 to 125% of the rate observed in water). Within the White Sea population, high-shore periwinkles demonstrated higher resistance to prolonged air exposure than low-shore specimens associated with lower evaporation water loss, reduced rates of anaerobic ATP turnover, higher stores of L-aspartate and lower defended values of ATP and PLA. In contrast, no differences were found between high-and low-shore snails in the North Sea. This may reflect environmental conditions at the 2 study sites, with stronger contrasts between high-and low-shore habitats in the White Sea than in the North Sea. In general, our data show that adaptation to prolonged air exposure at elevated temperatures, which may occur at high-shore levels during summer low tide, does not necessarily involve increased anaerobic capacity in L. saxatilis. Instead, enhanced abilities for water conservation and metabolic rate depression combined with increased stores of fermentable substrate seem to be crucial for survival during prolonged periods of emersion.
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Resale or republication not permitted without written consent of the publisher stability of key metabolic enzymes (Hull et al. 1999 , Sokolova & Pörtner 2001 ; enhanced expression of heatshock proteins (Sanders et al. 1991 , Tomanek & Somero 1999 , 2000 ; and morphological, behavioural and physiological adaptations ensuring increased extracorporal water storage, reduced evaporation and/or increased irradiative heat loss (Cleland & McMahon 1986 , McQuaid & Scherman 1988 , Britton & McMahon 1990 , McMahon 1990 , Britton 1995 , Sokolova et al. 2000a ).
Owing to desiccation and temperature stresses, periods of emersion during low tide represent a major challenge to the metabolism of intertidal invertebrates. High temperatures during low tide may lead to increased metabolic rates and hence ATP demand, which may conflict with impaired oxygen uptake in air, especially in gill-breathing animals (McMahon 1988 (McMahon , 1992 . Hence, efficient metabolic regulation should be crucial for survival. It has been shown that many intertidal animals are able to breathe air during low tide (Sandison 1966 , Houlihan 1979 , Innes & Houlihan 1985 , Marsden & Weatherhead 1998 . However, as desiccation progresses, animals may reduce oxygen uptake, in order to minimise evaporative water loss, and switch to anaerobiosis during prolonged air exposure (Houlihan 1979 , Wieser 1980 , Houlihan et al. 1981 , Simpendörfer et al. 1995 . Indeed, it has been shown that many (but not all) intertidal species accumulate anaerobic end products during prolonged air exposure (Wieser 1980 , Vial et al. 1992 , Grieshaber et al. 1994 , Simpendörfer et al. 1995 . Moreover, high-shore species or populations are usually characterised by a higher anaerobic potential compared to their low-shore or subtidal counterparts (de Vooys 1980 , Bowen 1984 , Sukhotin & Pörtner 1999 , Sokolova & Pörtner 2001 .
Although the capability of intertidal animals to survive anaerobiosis is generally recognised, the views concerning the potential role of aerobic and anaerobic metabolic pathways in supplying energy during air exposure are contradictory. Some authors suggest that aerobic metabolism dominates during air exposure in high intertidal animals (Houlihan 1979 , Yipp et al. 1986 , Simpendörfer et al. 1995 , while others argue that aerobic metabolism in air is most important for low-and mid-shore animals, whereas high-shore invertebrates may rely more heavily on anaerobiosis during air exposure (Kronberg 1990 , McMahon 1990 . Until now there have been very few attempts to quantify the relative contribution of aerobic and anaerobic metabolism in supplying energy during air exposure in intertidal invertebrates (Shick et al. 1983 (Shick et al. , 1986 . Moreover, although some earlier papers imply the deleterious effect of prolonged anaerobiosis during air exposure on substrate stores and energy balance in high-shore invertebrates (review in Newell 1979) , no experimental studies concerning the effect of air exposure on cellular energy status in animals from different shore levels have been conducted. Hence it is not clear whether increased anaerobic capacity is generally involved in adaptation to air exposure or whether other mechanisms, which improve resistance to prolonged emersion (e.g. resistance to desiccation, increased aerobic capacity or enhanced metabolic rate depression), may be of primary importance.
The intertidal gastropod Littorina saxatilis has a wide vertical distribution occurring from the upper subtidal to the supratidal splash zone and thus encounters environments with greatly differing temperature and humidity regimes within the range of a single population (Sokolova et al. 2000a ). This pattern allows us to compare animals adapted to life at different shore levels within ecologically, morphologically and genetically cohesive units such as a single species (or even a single population) and thus to avoid problems immanent to the interspecific comparison of environmental adaptation (Garland & Adolf 1994) . In our study, we investigated high-and low-shore animals in 2 populations of L. saxatilis from the sub-arctic White Sea and the temperate North Sea (Helgoland). The 2 study areas are separated by more than 10°latitude and differ greatly in their climatic conditions. In general, seasonal and diurnal variations in temperature and humidity conditions and the contrasts between the environmental conditions of high-and low-shore are more pronounced at the White Sea site than at the North Sea site (see below). Hence, physiological differentiation along the vertical shore gradient of environmental conditions should be especially clearly manifested in White Sea populations of L. saxatilis compared to North Sea ones.
To study the role of metabolic regulation and water conservation abilities in the adaptation of Littorina saxatilis to high-shore habitats, we compared the rates of aerobic and anaerobic metabolism and ATP turnover and followed the time courses of mortality, evaporative water loss, anaerobic end-product accumulation and changes in the parameters of energy status in L. saxatilis from different latitudes and shore levels during prolonged air exposure at elevated temperature (30°C), which imitates environmental conditions during summer low tide in the high intertidal. This investigation was intended to answer the following questions: (1) Does air exposure at elevated temperatures evoke anaerobiosis in L. saxatilis? What is the relative contribution of aerobic and anaerobic metabolism in supplying energy to the organism under these conditions? (2) Is anaerobic capacity limiting to the survival of L. saxatilis during prolonged air exposure? (3) Does differential resistance to prolonged air exposure at elevated temperatures correlate with the rates of water loss, with the rates of aerobic and anaerobic metabolism and/or with changes in cellular energy status?
MATERIALS AND METHODS
Collection sites and animals. Animals were collected in the intertidal zones of Kandalaksha Bay in the White Sea (66°20' N, 33°39' E) in September 1999 and Helgoland in the North Sea (54°11' N, 7°53' E) in October 1999. The surface-water temperature was 10-12°C at both the White Sea and North Sea sites at the time of collection. The tidal range is 1.8-2.2 m at the White Sea sampling site and 1.6-2.8 m at the North Sea location. In general, sub-arctic White Sea populations of Littorina saxatilis experience extreme seasonal variations of temperature, from freezing (from below -1.5°C in brackish seawater to between -10 and -15°C in air) in late autumn and winter to 15-20°C and more in summer (Babkov 1998 , Sokolova et al. 2000a ). In contrast, both temperature fluctuations and temperature extremes are much less pronounced in the North Sea. Temperatures range from 3-6°C in winter to 15-18°C in summer (Hickel et al. 1997, Scharek et al. unpubl. data: available at http://www.pangaea.de). The monthly average temperature of surface water rarely ever drops below zero, and ice cover is rarely formed at the North Sea site. In contrast, ice cover at the White Sea may persist for ca 6 mo yr -1 , and the monthly average temperature of surface water is negative for 5-6 mo (Babkov 1998) . The annual average surfacewater temperatures are 4.3 and 10.4°C at the White Sea and North Sea sites, respectively.
In each study area, adult Littorina saxatilis (6-11 mm shell diameter) were collected from 2 contrasting shore levels: (1) low shore -from small stones and gravel patches in the low intertidal, within the brown macrophyte belt (Ascophyllum nodosum and Fucus vesiculosus in the White Sea and F. vesiculosus and F. serratus in the North Sea); and (2) high shore -in the narrow belt along the upper limit of L. saxatilis distribution on large boulders and/or rocks. At both study sites, highand low-shore habitats are separated by a distance of 15 to 20 m and differ greatly with respect to the duration of air exposure. The average duration of emersion varies between 10-40% and 75-90% of the total time for low-and high-shore animals, respectively (Sokolova et al. 2000a, I .M.S. pers. obs.). However, temperature and desiccation contrasts between high and low shores are greater for the White Sea population compared with that in the North Sea. During summer low tides, high-shore animals from the White Sea area experience wide temperature fluctuations, temperature extremes of up to 47°C and extreme desiccation stress while spending a long time (up to 7-8 d during neap tides) on dry rock surface (Sokolova et al. 2000a) . In contrast, Helgoland animals may never be exposed to direct sunlight due to the shore morphology; so the differences in temperature fluctuations and temperature extremes between high-and low-shore habitats are small (Janke 1997, I .M.S. pers. obs.). Even during low tides, high-shore levels at the North Sea site receive water from either splash or land drainage; so there is little desiccation stress in these habitats (Janke 1997, I .M.S. pers. obs.). Hence, the contrasts of temperature and desiccation regimes between highand low-shore levels are much more pronounced in the White Sea than in the North Sea population despite similar positions relative to the mean low water mark and despite similar distances between the subpopulations from the 2 shore levels in each study area.
Snails were transported alive to the Alfred Wegener Institute (AWI) in Bremerhaven, Germany, and acclimated in aquaria with recirculated seawater set to the salinity of the respective sampling sites (33.2-33.4 ‰ for the North Sea and 24.6-24.7 ‰ for the White Sea) for 4-6 wk prior to experimentation. Prolonged laboratory acclimation was used in order to eliminate the potential differences in physiology between the animals from different latitudes and shore levels, which were due to their recent acclimatisation history in the field. This allowed us to analyse irreversible (presumably, genetic) physiological differences between the compared groups of snails. Acclimation temperature (12.5-13.0°C) was chosen close to the respective field temperature at the time of collection. Water was changed once every 2 wk. Brown macroalgae (Fucus vesiculosus) from Helgoland were added as a food source ad libitum. No mortality was detected during transportation, and only minimum mortality (< 5%) was detected during laboratory acclimation.
Aerial and aquatic respiration rates. Rates of aerial oxygen consumption were measured using fiber-optic oxygen sensors (micro-optodes) (Klimant et al. 1995) at 30°C in dried air, which imitated environmental conditions at high-shore levels during summer low tide (Sokolova et al. 2000a) . Oxygen sensors with oxygensensitive fluorophor fixed on the tip of an optic fiber and connected to the instrument MICROX I (both manufactured by PreSens, Neuburg a.d. Donau, Germany) were used. MICROX I quantifies the phase-angle shift of emitted light based on oxygen-dependent dynamic quenching of luminescence (Klimant et al. 1995) . Two point calibrations of temperature-equilibrated optodes (in air for 100% readings and in 100% nitrogen for 0% readings) were performed prior to and after each measurement in order to account for possible timedependent drifts of the optodes. Calibrations and all measurements were performed at a constant temperature (30 ± 0.1°C).
Six to 10 animals of similar size (ranging from 40 to 50 mg and from 80 to 120 mg wet tissue weight [wet wt] from White and North Sea populations, respectively) were used for each measurement. An excess of desiccant (indicator silica gel) was placed on the bottom of an air-tight vial and covered with a nylon net (0.5 mm mesh size). Shells of the experimental snails were carefully scraped and cleaned with 95% ethanol to remove potential microfouling. Snails were allowed to quickly recover in seawater, blotted dry with tissue paper and put in the vial. The optode and a thermocouple connected to a PT100 thermometer (isiTEC, Bremerhaven, Germany) for temperature control were mounted in the gas-tight stopper. The vials were placed in a thermostatted water bath (HC F30, Julabo Labortechnik, Seelbach/Schwarzwald, Germany) and maintained at 30 ± 0.1°C during the measurement. Oxygen concentration ([O 2 ]) was monitored online at 1 reading min -1
. Preliminary experiments showed that exposure periods longer than 12-15 h resulted in mortality in some experimental chambers; so the measurements were carried out for 8-10 h. Afterwards specimens were taken out of the vial, placed in sea water at room temperature (18-20°C) and allowed to recover for 2 h. No mortality was detected during 8-10 h of air exposure at 30°C.
Oxygen readings (% air saturation) were recalculated as µmol l -1 O 2 using the ideal gas law with van der Waals corrections (Radford 1964) considering the volumes of silica gel, snails and the nylon net determined by fluid displacement. To avoid potential errors in the determination of tissue wet weight due to water loss during air exposure, animals were weighed prior to the experiments to the nearest 0.1 mg. Tissue wet weight was calculated from the regressions of tissue wet weight and total body weight obtained separately for each experimental group (North Sea and White Sea specimens from high-and low-shore levels, respectively, data not shown).
The rates of oxygen consumption in water were measured in the closed respiration chambers with the Clarke-type electrodes connected to a P O 2 monitor (Eschweiler, Kiel, Germany). Two point calibrations of temperature-equilibrated optodes (in air-saturated sea water for 100% and in Na 2 SO 3 -saturated water for 0% readings) were performed prior to and after each measurement.
Five to 6 specimens of similar size (ranging from 40 to 50 mg and from 80 to 120 mg wet wt from White and North Sea populations, respectively) were used for each measurement. Shells of the experimental snails were cleaned as described above, snails were allowed to quickly recover, blotted dry with tissue paper and put in the chamber filled with the seawater at the temperature of acclimation (12.5-13°C). Water in the chambers was continuously mixed with magnetic stirring rods, which were placed under the nylon net 'floor' (0.5 mm mesh size) of the main chamber containing the specimens. Respiration chambers were placed in a thermostatted aquarium maintained at the control temperature (12.5-13°C) and allowed to equilibrate for 20-30 min in order to minimise the effect of handling; temperature was raised at a rate of 1.5°C h -1
. The rate of temperature increase was set by the capacity of the thermostatted water bath. During this preliminary acclimation, a continuous flow of seawater was maintained through the experimental chambers. After the temperature reached 30°C, the respiration chambers were closed and oxygen concentrations were monitored online for 15-25 min at a constant temperature (± 0.1°C). A decline in the oxygen tension during the measurement did not exceed 15%. After each measurement, blanks were run in the same chambers without specimens in order to account for the drift of electrodes and respiration of any microorganisms in the experimental chamber and seawater. Oxygen readings (P O 2 , torr) were recalculated as µmol l -1 O 2 considering the volumes of snails, stirring rods and nylon nets determined by fluid displacement. After the experiments, specimens were dissected in order to determine wet tissue weight and trematode infection. Due to a limited number of high-shore snails, only lowshore snails were used in this experiment. However, earlier studies performed on large data sets have shown that aquatic respiration rates do not differ in Littorina saxatilis from different shore levels acclimated to the same temperature in the laboratory (Sokolova 1997 , Kaliberdina 1998 . Hence, in this study the aquatic respiration rates of low-shore snails were considered representative for the whole population.
The different rates of temperature change in air and water used in our experiments were chosen in order to simulate the in situ rates of temperature change. During summer low tides at the White Sea, snails could be exposed to acute and drastic temperature change from 10-12°C in water to 30°C and more in air as the tide recedes. The body temperature of the snails follows the change in environmental temperature within several minutes under these conditions (Sokolova et al. 2000a) . In water, the temperature usually changes much more slowly (I.M.S. pers. obs.). These differences were reflected in the slower rates of temperature change in water compared to the acute temperature change in air used in the present study.
Respiration rates were expressed as µmol O 2 h -1 g -1 wet wt. In the determinations of aquatic and aerial respiration rates, infested and uninfested specimens were pooled, since it has already been demonstrated that infection by microphallids (Trematoda) does not influence respiration rate of Littorina spp. (Lyzen et al. 1992 , Sokolova 1997 .
Evaporative water loss. This was measured according to a method modified from McMahon & Britton (1985) . Snails of similar shell size (5.5-6.3 mm shell diameter) were taken out of the aquaria and blotted dry with tissue paper. The snails were weighed to the nearest 0.025 mg and placed individually in the cells of 40-cell wells thermostatted to 30 ± 0.25°C. Excess desiccant (indicator silica gel) was added to ensure dry conditions in the experimental chambers. After specified exposure periods (6, 12, 24 or 48 h) snails were taken out of the thermostat chambers and weighed. Then snails were placed in seawater, allowed to recover for 2 h and scored for mortality. After scoring, snails were dried at 100°C for 24 h to constant weight, allowed to cool down in the presence of desiccant and weighed. For each shore level in each population, 30-55 specimens were initially included in the experiment. However, the number of the individuals used in the final analysis varied as only survivors were used.
Water loss was determined as a percentage of the total (corporal + extracorporal) body water:
( 1) where WL is water loss (%), W in , W exp and W dry are initial weight, weight after a given exposure period and final dry weight of a snail (mg), respectively. The initial amount of body water (calculated as W in -W dry ) was similar in high-and low-shore specimens within each studied population (Student's t-test, p > 0.05, data are not presented). Preliminary experiments showed that the rate of evaporative water loss did not differ significantly between the non-infested snails and those infested by the microphallids (data not shown); hence the data for infested and uninfected specimens were pooled for subsequent analysis.
Metabolite analysis. For the determination of metabolite concentrations during air exposure at elevated temperature, specimens were exposed for 2, 4, 6, 12 (13), 24 or 48 h at 30°C in dried air (Sokolova et al. 2000a) . For this, snails were taken from the acclimation aquaria, briefly blotted dry with tissue paper and placed in plastic Petri dishes. Each Petri dish contained 50-70 specimens. The Petri dishes were placed into desiccators on top of excess desiccant to ensure dry conditions. The desiccators were kept at 30 ± 0.25°C. After specified exposure periods, a number of the snails were removed, dissected and quickly inspected for trematode infestation. Infested specimens were discarded. In uninfested ones, the foot muscle was quickly cut, blotted dry with tissue paper and frozen immediately in liquid nitrogen for subsequent metabolite analyses. For control samples, specimens were taken directly from the acclimation aquaria, they were blotted dry and the foot muscles were sampled as described above. For 1 sample, tissues from 8-12 specimens were pooled.
For the determination of metabolite concentrations, samples of foot muscle were powdered with a pestle and mortar under liquid nitrogen. Circa 300 mg of tissue powder were homogenised in an excess (5 ×) volume of precooled 0.6 mol l -1 PCA with 10 mmol l -1 EDTA. Precipitated protein was removed by centrifugation. The extract was neutralised with 5 mmol l -1 potassium hydroxide to pH 7.0-7.5. Precipitated potassium perchloride was removed by a second centrifugation. Extracts were stored at -80°C. In preliminary assays, concentrations of succinate, lactate, acetate and propionate in PCA extracts were measured according to a method modified from that in Hardewig et al. (1991) . Fatty acids were separated on an ion exclusion column (Dionex ICE-AS 1) at a flow rate of 1 ml min -1 and 40ºC with 0.125 mmol l -1 heptafluorobutyric acid used as an eluent. Peaks were monitored with a conductivity detector. A micro membrane suppressor (Dionex AMMS-ICE) was used to decrease background conductivity. Only succinate and (in 1 sample) lactate was found in concentrations close to the detection limit of the method employed. Therefore, succinate, D-lactate and L-lactate were further determined spectrophotometrically using the respective enzymatic tests (Bergmeyer 1985) . Tissue levels of AMP, ADP, ATP, L-and D-alanine and L-aspartate were also measured enzymatically according to Bergmeyer (1985a,b) . Concentrations of phospho-L-arginine and L-arginine were assayed spectrophotometrically using the enzymatic test described by Grieshaber et al. (1978) . Octopine dehydrogenase for these determinations was purified from the adductor muscles of Pecten maximus following the procedure described by Gäde & Carlsson (1984) . All metabolite concentrations were corrected for the respective tissue water loss, and corrected values were used for subsequent calculations and statistical analysis.
Chemicals. All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) or Merck (Darmstadt, Germany). Enzymes were purchased from Roche Diagnostics (Mannheim, Germany).
Derived indices. The relative amount of phosphagen (R PLA ) was calculated according to The rate of ATP turnover during anaerobiosis (amount of ATP consumed g -1 wet wt d -1 , M ATP ) was calculated from end product accumulation and ATP and PLA depletion as described in Pörtner et al. (1984) .
The following values for ATP equivalents were used: 2.75 µmol µmol -1 succinate and 1.5 µmol µmol -1 alanine (de Zwaan 1983). Aspartate depletion was not considered in these calculations, which might result in some overestimation of the rates of anaerobic ATP turnover. However, because the main energy supplying pathways during air exposure in Littorina saxatilis were aerobic (see below), a different stoichiometry between aspartate depletion and succinate and alanine accumulations might be expected compared to fully anaerobic conditions (de Zwaan 1983) . Because the true stoichiometry between aspartate depletion and succinate and alanine accumulations under predominantly aerobic conditions is unknown, we used the maximised anaerobic ATP turnover rates as a rough estimate of the anaerobic M ATP . The aerobic ATP turnover rate was calculated from routine oxygenconsumption rates assuming ATP production at 6 mol ATP mol -1 O 2 . Statistics. Statistical comparisons of respiration rates, metabolite concentrations, rates of ATP turnover and R PLA at different exposure times in snails from different shore levels were performed using standard 2-way mixed model ANOVAs after testing the assumptions of normal distribution and homogeneity of variances of the data (Sokal & Rohlf 1995 ). The factor 'Shore level' was treated as fixed, 'Exposure duration' as random. We used Tukey's honestly significant difference (HSD) test for unequal N as a method of post-hoc comparisons and Fisher's least significant difference (LSD) tests for planned comparisons. In cases where factor interactions were significant, 1-way ANOVAs were performed separately for each factor. Mortality rates in Littorina saxatilis were compared using log-linear models of analysis of contingency tables (Sokal & Rohlf 1995) . Probit-regressions used for calculations of the time of 50% mortality (LT 50 ) were constructed by an iterative, quasi-Newtonian procedure with maximum likelihood loss estimate of the model parameters (Sokal & Rohlf 1995) . A maximum of 20 iterations was required for the convergence of parameters. To compare the rates of water loss in snails from different shore levels, linear regressions of log-transformed values of water loss versus log-transformed time of exposure were constructed. Parameters of linear regressions were calculated according to Sokal & Rohlf (1995) , and the fitting of the data into the linear regression model was estimated by ANOVA. Pairwise comparison of slope and intercept of regression lines was performed according to the algorithm described in Urbakh (1964) . The differences were considered significant if the probability level of a Type I error was less than 0.05. Results are expressed as percentages or mean ± SE if not mentioned otherwise.
RESULTS

Mortality and evaporative water loss
Log-linear analysis showed that in the White Sea population, high-shore specimens were significantly more resistant to air exposure at 30ºC than their lowshore counterparts (partial association: χ 2 = 25.1, df = 1, p < 0.001) (Fig. 1A) . In North Sea Littorina saxatilis, no significant differences in mortality rates were found between high-and low-shore periwinkles (partial association: χ 2 = 0.004, df = 1, p = 0.95) (Fig. 1B) . The mortality rates in North Sea L. saxatilis were higher than in their White Sea counterparts, with an LT 50 of 48, 54 and >> 60 h for North Sea, low-shore White Sea and high-shore White Sea specimens, respectively. Trematode infection had no significant effect on the mortality rates during air exposure at 30°C in both North Sea and White Sea L. saxatilis (Yates-corrected χ 2 values of 0.02-1.73, df = 1, p = 0.18-0.92).
Water loss was non-linear in Littorina saxatilis and occurred much faster during the first 12 h of air exposure than during the following 36 h (Fig. 1C,D) . In White Sea L. saxatilis, high-shore specimens were able to conserve body water reserves better than their lowshore counterparts (t = 2.84, df = 154, p < 0.05 for differences in the rates of water loss). As a result, after 48 h of air exposure at 30ºC, high-shore snails lost ca 34% of the total body water, while those from the low-shore level lost 48% of their body water reserves. In North Sea periwinkles, the rates of water loss were similar in high-and low-shore specimens (t = 1.40, df = 128, p > 0.05). Also, rates of water loss in North Sea L. saxatilis were similar to those of low-shore snails from the White Sea. After 48 h of air exposure at 30ºC, they lost 44-49% of the body water.
Aerial respiration
Littorina saxatilis was found to consume atmospheric oxygen at a considerable rate under conditions of air exposure at elevated temperatures. Rates of aerial oxygen consumption ( and were similar in snails from the White and North Seas (F 1,17 = 0.70, p = 0.41) and from high-and lowshore levels (F 1,17 = 0.93, p = 0.35) (Fig. 2) . In both populations studied, high-shore snails tended to have somewhat lower respiration rates under these conditions, although this trend was not significant. In White Sea L. saxatilis, mean aerial V O 2 was by 15-20% lower than the rate of aquatic V O 2 at a similar temperature. In contrast, in North Sea snails aerial respiration rates exceeded the rate of aquatic V O 2 by 12-25%. There was a tendency for aerial V O 2 to decrease after prolonged (more than 12-15 h) air exposure at elevated temperatures possibly due to the progressive loss of water from the mantle cavity. However, this phenomenon could not be followed quantitatively due to the onset of mortality in some experimental chambers after 12 h of air exposure.
Anaerobic end-product accumulation
Despite their marked ability to breathe air, Littorina saxatilis became partly anaerobic during air exposure at elevated temperatures, as indicated by the significant accumulation of anaerobic end products. Of all anaerobic end products tested, only succinate and D-and L-alanine accumulated during air exposure at 30°C in L. saxatilis. Levels of other end products (D-and L-lactate, acetate and propionate) were below detection limits of the methods in controls and after prolonged air exposure.
Alanine was the major anaerobic end product accumulated in Littorina saxatilis during air exposure at 30°C. Notably, L-and D-stereoisomers of this amino acid were found in approximately equimolar amounts (average ratio of L-to D-alanine was 1.1 ± 0.3, N = 125), suggesting the presence of an amino acid racemase in the foot muscle of L. saxatilis. Control levels of L-and D-alanine in the foot muscles were significantly higher in North Sea specimens than in their White Sea counterparts (F 1,19 = 10.79, p = 0.004) (Fig. 3A) . In general, alanine concentrations increased by ca 5 µmol g -1 wet wt over the respective control levels after 24-48 h of air exposure in White Sea snails. In contrast, highshore L. saxatilis from the North Sea accumulated considerably less alanine, and in low-shore periwinkles from this area no alanine accumulation was observed (Fig. 3B) .
Succinate concentrations in Littorina saxatilis foot muscles rose significantly during prolonged air exposure at 30°C, although to a far lesser extent than alanine levels (Fig. 3C,D) . Generally, succinate accumulation was higher in White Sea specimens (ca 0.4-0.5 µmol g -1 wet wt) than in their conspecifics from the North Sea (ca 0.2-0.4 µmol g -1 wet wt). Similar to alanine, succinate levels of the foot muscle increased significantly in both high-and low-shore specimens from the White Sea, but only in high-shore ones from the North Sea (Fig. 3C,D) . Comparisons between shore levels demonstrated that high-shore specimens from the White Sea accumulated significantly less alanine and succinate in the foot muscle than their lowshore counterparts after 12 and 48 h of air exposure (Fig. 3A,C) . In North Sea L. saxatilis, differences in the levels of accumulated anaerobic end products showed no consistent pattern between high-and low-shore specimens. Succinate accumulation was higher in high-shore than in low-shore specimens from the North Sea, whereas concentrations of alanine were similar in snails from different shore levels (Fig. 3B,D) .
Aspartate depletion
Concentrations of L-aspartate in the foot muscle tissues decreased significantly in all experimental groups of Littorina saxatilis during air exposure at 30°C (Fig. 3E,F) . In White Sea L. saxatilis, significant differences in L-aspartate levels of the muscle tissue were found between high-and low-shore specimens (Fig. 3E) . High-shore periwinkles from the White Sea population tended to have a higher content of L-aspartate in the foot muscle tissue than their low-shore counterparts both in controls and after prolonged air exposure at elevated temperatures. In contrast, L-aspartate content of the muscle tissue was similar in high-and low-shore specimens from the North Sea (Fig. 3F) .
High-energy compounds
Initial (control) values of ATP were similar in the foot muscles of the snails from the North and White Seas and varied between 2.2 and 2.5 µmol g -1 wet wt (F 1,19 = 0.56, p = 0.46) (Fig. 4A,B) . In contrast, control North Sea Littorina saxatilis had significantly higher PLA levels in the foot muscle (3.7-3.8 µmol g -1 wet wt) than their White Sea counterparts (2.5-3.2 µmol g -1 wet wt) (F 1,18 = 10.10, p = 0.005). Control concentrations of the respective aphosphagen (L-arginine) as well as the total amount of phosphagen and aphosphagen were also 1.5-2 times higher in the foot muscles of the North Sea periwinkles (3.2-3.3 and 6.9-7.1 µmol g -1 wet wt for L-arginine and phosphagen/aphosphagen, respectively) than in those of their White Sea counterparts (1.7-2.6 and 4.2-5.8 µmol g -1 wet wt for L-arginine and phosphagen/aphosphagen, respectively). However, the ratio between phosphagen and aphosphagen was similar in L. saxatilis from the 2 seas (54-60%) (F 1,19 = 3.90, p = 0.064).
178 Fig. 3 . Littorina saxatilis. Accumulation of anaerobic end products (alanine and succinate) and depletion of L-aspartate stores in the foot muscle of snails from different shore levels in the North and White Seas during air exposure at 30°C. The time course of endproduct accumulation (A-D) was approximated by second-order polynomial regressions. Asterisks (#) mark significant differences between concentrations of the respective end products in the foot muscle tissue of high-and low-shore snails calculated by post-hoc tests in cases where estimates of single-factor effects were impossible due to significant factor interactions. Aspartate concentrations differed significantly between high-and low-shore snails from the White Sea (F 1, 5 = 30.68, p = 0.003) but not between those from the North Sea (F 1, 4 = 0.03, p = 0.86). Solid symbols mark the values which are significantly different from the respective controls (p < 0.05). N = 5-8 for controls and 12-48 h of exposure and 3-7 for 2 and 6 h of exposure Combined desiccation and high-temperature stresses resulted in impaired cellular energy status in Littorina saxatilis (Fig. 4A,B,E,F) . In the White Sea population, low-shore specimens tended to maintain significantly higher levels of ATP and PLA than their high-shore counterparts in controls and after prolonged air exposure (Fig. 4A,E) . In the North Sea population, no differences were found between specimens from different shore levels with respect to the concentrations of ATP and PLA in the foot muscle (Fig. 4B,F) . In White Sea specimens, levels of ADP and AMP were similar in the foot muscles of snails from different shore levels and remained unaffected by air exposure (Fig. 4C,D) .
Despite significant depletion of PLA, concentrations of L-arginine did not change significantly during air exposure at elevated temperatures in White Sea periwinkles and even decreased in North Sea ones (Fig. 5A,B) , suggesting that this amino acid is either excreted or further metabolised. Accordingly, a decline in the sum of PLA and L-arginine as well as in R PLA reflected depletion of PLA during air exposure (Fig. 5C-F) .
Aerobic and anaerobic ATP turnover rates
Average rates of aerobic ATP turnover (M ATP ) were similar in specimens from different seas and shore levels (Fig. 6A) and ranged between 28.7 and 37.5 µmol of ATP equivalents h -1 g -1 wet wt. Aerobic M ATP tended to be lower in air than in water in White Sea Littorina saxatilis, but a reverse pattern was observed in North Sea specimens, reflecting different ratios of aerial to aquatic respiration rates in specimens from the 2 seas (see above). Anaerobic rates of ATP turnover were low (Fig. 6A ) and accounted for only 1-2% of the total rate of ATP turnover. The rate of anaerobic M ATP decreased during prolonged air exposure in White Sea and North Sea L. saxatilis, suggesting depression of the anaerobic metabolic rate (Fig. 6B) . In White Sea specimens, rates of anaerobic ATP turnover were lower in high-shore specimens as compared to their low-shore counterparts (Fig. 6B) . In contrast, anaerobic ATP turnover rates did not differ in high-and lowshore snails from the North Sea to up to 13 h of air exposure. However, M ATP calculated for the overall 48 h period of exposure was significantly lower in low-shore periwinkles from the North Sea than in their high-shore counterparts. This reflects the absence of significant accumulation of anaerobic end products in low-shore specimens during 48 h of air exposure (see above) (Fig. 6B) .
DISCUSSION
Physiological functions of Littorina saxatilis during low tide may be jeopardised by several interacting factors, of which desiccation, extreme tem- Fig. 4 . Littorina saxatilis. Changes in the concentration of highenergy phosphates (adenylates and phospho-L-arginine) in the foot muscle of snails from different shore levels in the North and White Seas during air exposure at 30°C. Concentrations of high-energy phosphates differed significantly between high-and low-shore specimens from the White Sea (F 1, 5 = 16.66, p = 0.01 and F 1, 5 = 16.45, p = 0.01 for ATP and PLA, respectively) but not between those from the North Sea (F 1, 4 = 0.20, p = 0.69 and F 1, 4 = 0.85, p = 0.41 for ATP and PLA, respectively). Levels of ADP and ATP did not differ between specimens from different shore levels (F 1, 5 = 0.36, p = 0.57 and F 1, 5 = 0.004, p = 0.95 for ATP and PLA, respectively). Solid symbols mark the values which are significantly different from the respective controls (p < 0.05). N = 5-8 for controls and 12-48 h of exposure and 3-7 for 2 and 6 h of exposure peratures and oxygen deprivation are of major importance. These stresses may have synergistic negative effects on survival and/or performance of the snails during prolonged emersion. That is why it could be expected that adaptation to high-shore life involves adjustments of several important physiological functions, including characteristics of water economy, temperature resistance and metabolic regulation.
Comparison of these parameters in L. saxatilis subpopulations from different habitats, which demonstrate differential resistance to prolonged air exposure, desiccation and high-temperature stresses, allows us to determine the crucial physiological mechanisms playing the foremost role in adaptation to high-shore life in these intertidal gastropods. Differential resistance to prolonged air exposure at elevated temperatures was notably correlated with water conservation ability in Littorina saxatilis. The most resistant group (high-shore specimens from the White Sea) had the lowest rates of water loss during air exposure, whereas the least resistant North Sea specimens tended to loose body water at much higher rates. The correlation coefficient between LT 50 and the rate of water loss was highly negative (r = -0.925) and marginally significant even despite the low degrees of freedom (p = 0.07, N = 4). In general, increased resistance to prolonged air exposure and desiccation stress is frequently associated with improved water conservation abilities in high intertidal species and/or (sub-) populations of marine invertebrates, so that reduced evaporation rates seem to be crucial in the adaptation to the upper shore with high risk of desiccation (Broekhuysen 1940 , Brown 1960 , Davies 1969 , McMahon 1990 , Sokolova et al. 2000a ). Interestingly, similar findings have been reported for several Drosophila species from natural and laboratory populations. In nature, desert flies lost water less rapidly and were more tolerant of desiccation than Drosophila spp. from mesic habitats. However, flies from different habitats contained similar amounts of bulk water (Gibbs 1999). In contrast, selection in an 'artificial desert' in the lab resulted in lines of D. melanogaster and D. simulans that had lower rates of water loss and carried 30% more water than their controls but did not differ in desiccation tolerance (Gibbs 1999). Thus, the only component of the water budget showing similar differentiation in the field and in the lab was reduced rates of water loss in xeric-adapted specimens, which further emphasises the importance of water conservation in habitats with high desiccation stress. In intertidal shelled molluscs and barnacles, reduced evaporation rates are usually achieved by means of a tight closure of shell valves or operculum, which ensures isolation from the hostile environment during the low tide (Newell 1979 , Shick et al. 1988 ). However, this behaviour also reduces oxygen supply to tissues unless a considerable amount of gaping (inevitably 180 Fig. 5 . Littorina saxatilis. Changes in the concentration of L-arginine, the sum of phosphagen and aphosphagen concentrations and the ratio of phospho-L-arginine in the total phosphagen/aphosphagen pool (R PLA ) in the foot muscle of snails from different shore levels in the North and White Seas during air exposure at 30°C. The sum of phosphagen and aphosphagen concentrations differed significantly between high-and low-shore specimens from the White Sea (F 1, 5 = 10.89, p = 0.021) but not between those from the North Sea (F 1, 4 = 0.63, p = 0.47). Differences in L-arginine concentrations and R PLA between high-and low-shore specimens were non-significant (ANOVA, p > 0.4). Solid symbols mark the values which are significantly different from the respective controls (p < 0.05). N = 5-8 for controls and 12-48 h of exposure and 3-7 for 2 and 6 h of exposure linked to water loss) occurs (Shick et al. 1986 (Shick et al. , 1988 . Indeed, the higher rates of oxygen consumption in the studied Littorina saxatilis tended to be associated with increased water loss during the first hours of air exposure (Pearson's R = 0.860), although this relationship was not statistically significant due to the small number of groups compared (p = 0.14, N = 4). As a result, in order to save water, many intertidal species may become partially anaerobic during air exposure at low tide (Shick et al. 1988 , McMahon 1990 . In fact, accumulation of anaerobic end products during prolonged air exposure was found in L. saxatilis in this study and has already been reported for other intertidal and subtidal gastropods (Wieser 1980 , Gäde et al. 1984 , Donovan et al. 1999 ) and bivalves (Vial et al. 1992 , Simpendörfer et al. 1995 . The onset of anaerobiosis during prolonged air exposure has also been detected in the blue mussel Mytilus edulis by means of direct calorimetry (Shick et al. 1983 (Shick et al. , 1986 .
Alanine was the predominant anaerobic end product during prolonged air exposure at elevated temperatures in Littorina saxatilis. Interestingly, L-and D-alanine were accumulated in equimolar amounts in the foot muscle tissue of L. saxatilis. Generally, free D-alanine is rarely found in molluscan tissues (de Zwaan 1991) . Its occurrence was reported for the first time in brackish water and intertidal bivalves Corbicula japonica, Tapes philippinarum and Meretrix lamarckii (Matsushima et al. 1984) but not in Mytilus edulis or Crassostrea gigas, in which only L-alanine was found (de Zwaan 1991) . This difference was related to the absence/presence of alanine racemase in these species (Matsushima et al. 1984) . These authors suggested that alanine racemase activity, which is also found in some sedimentburying polychaetes and sipunculids (Schöttler et al. 1983 , Pörtner et al. 1986 , is characteristic of infaunal species. However, accumulation of both stereoisomers of alanine in L. saxatilis suggests that this enzyme may also be present in typically epibenthic species.
It is worth mentioning that alanine accumulation is also a typical response to increased osmolarity of the external medium in marine molluscs (Kinne 1971 , Berger 1986 . Hence, the main function of alanine accumulation during air exposure in intertidal invertebrates may be iso-osmotic intracellular regulation rather than anaerobic energy provision (Baginski & Pierce 1975 , Wieser 1980 . However, direct comparison of cellular responses to anoxia and increased salinity in intertidal molluscs reveals marked differences between the 2 processes (Baginski & Pierce 1978) . During environmental anaerobiosis, alanine accumulation is accompanied by succinate accumulation and aspartate depletion, while the total pool of free amino acids (FAAs) remains unchanged (Baginski & Pierce 1978 , Ellington 1981 , Gäde et al. 1984 , Churchill & Storey 1989 , Brooks et al. 1991 , Storey & Churchill 1995 . In contrast, concentrations of both alanine and aspartate, as well as other non-essential amino acids, strongly increase during acclimation to high salinity, and succinate concentration does not change (Kinne 1971 , Baginski & Pierce 1978 . 1999) . Moreover, comparison of anoxic incubations with and without desiccation stress in 4 littorinid species showed that alanine accumulation was similar under both conditions (Kooijman et al. 1982) . In our study, alanine accumulation was considerably lower (or altogether absent) in North Sea Littorina saxatilis, despite higher rates of water loss in these specimens compared to their White Sea counterparts. Hence, alanine accumulation during air exposure in intertidal molluscs seems to be unrelated to the need for maintenance of the osmotic balance. This is probably due to the fact that water is evenly lost from extracellular and intracellular compartments during air exposure in molluscs (Arad et al. 1992 (Arad et al. , 1993 , thus reducing the necessity for iso-osmotic cell volume regulation. Despite significant anaerobic end-product accumulation, the main energy supplying pathways in Littorina saxatilis were aerobic, with aerial oxygen consumption accounting for > 95% of the total ATP turnover during air exposure at elevated temperatures. Anaerobiosis contributed no more than 1-2% of the total ATP turnover during prolonged air exposure in L. saxatilis. This is not due to the incomplete assay of the anaerobic end products, since we tested for the most of the anaerobic end products (succinate, D-and L-alanine, D-and L-lactate, propionate and acetate) known for marine molluscs and found only accumulation of succinate and D-and L-alanine. Besides these anaerobic end products, marine invertebrates are also known to produce opines during functional anaerobiosis and exercise (Grieshaber & Kreutzer 1987 , Hammen & Bullock 1991 , Donovan et al. 1999 and to a smaller extent during environmental hypoxia (Kreutzer et al. 1989 , Livingstone 1991 , Donovan et al. 1999 ). However, previous studies have shown that opines usually do not accumulate during prolonged environmental anaerobiosis in intertidal molluscs (Eberlee et al. 1983 , Gäde et al. 1984 , Sukhotin & Pörtner 1999 , Sokolova et al. 2000b , so that the underestimation of anaerobic M ATP due to the absence of opine detection should be negligible. In contrast to L. saxatilis, aerobic respiration accounted for 28-36% and 45% of total heat dissipation during air exposure in intertidal and subtidal blue mussels, respectively (Shick et al. 1983 (Shick et al. , 1986 . This discrepancy may be attributed to differences in morphological adaptation to air breathing in these 2 species. The typical mid-to low-shore dweller Mytilus edulis lacks specialised air-breathing organs and consumes atmospheric oxygen using gills, whereas the high intertidal species L. saxatilis possesses a vestigial ctenidium and a strongly vascularised mantle cavity which may serve as a 'lung' during air exposure (Hyman 1967 , Fretter & Graham 1976 . Thus, L. saxatilis may be better adapted to breathing air and thus less dependent on anaerobiosis during air exposure than M. edulis.
Similarly, high-shore barnacles Jehlius cirratus mostly relied on aerobic metabolism during air exposure at low tide, and succinate fermentation was a more important metabolic strategy in mid-to low-intertidal bivalves Perumytilus purpuratus and Mytilus chilensis (Simpendörfer et al. 1995 ). An increase of aerobic capacities in air towards high-shore levels was also reported in several species of intertidal gastropods, which in some groups (e.g. Archaeogastropoda and Mesogastropoda) was linked to morphological adaptations to air breathing in high-shore species (McMahon 1988) .
Comparisons of metabolic rates in specimens from different shore levels suggest that an improved ability for metabolic rate depression may be a common strategy of survival under harsh environmental conditions (de Zwaan & van den Thillart 1985 , Storey & Storey 1990 , de Zwaan et al. 1991 , Grieshaber et al. 1994 , Hand & Hardewig 1996 , Sokolova et al. 2000b ). Indeed, despite high aerobic capacity, the rates of aerobic metabolism and ATP turnover in dried air comprised only ca 80% of the aquatic aerobic rates in White Sea Littorina saxatilis. With only a small contribution from anaerobic metabolism (1-2%), this suggests a general depression of metabolic rate in air in these snails. Although this decrease was statistically insignificant due to the high individual variation in oxygen consumption rates in this study (t-test, p = 0.23), a general decline of respiration rate in dried air by 20-60% compared to aquatic oxygen consumption is well documented for several high-shore populations of L. saxatilis, spending 70-95% of their total time out of water (McMahon & Russel-Hunter 1977 , McMahon 1988 . In contrast, aerial respiration rates of less resistant North Sea snails were ca 110-125% of the rates of aquatic oxygen consumption, indicating that these specimens were incapable of metabolic depression under these conditions. Total (aerobic and anaerobic) rate of ATP turnover was negatively correlated with survival time in L. saxatilis from different latitudes and shore levels (Pearson's R = -0.747), although this correlation was non-significant due to the small number of compared groups (N = 4, p = 0.25). Interestingly, an increased resistance to prolonged air exposure was also associated with lower rates of anaerobic endproduct accumulation and lower anaerobic ATP turnover rates in high-shore L. saxatilis from the White Sea as compared to their low-shore counterparts. In contrast, North Sea snails from different shore levels with similar resistance to prolonged air exposure, demonstrated only small (usually non-significant) and inconsistent differences in anaerobic metabolic rates.
The onset of anaerobiosis during prolonged air exposure in Littorina saxatilis indicates transition to a timelimited situation characterised by negative changes in cell energy status of the foot muscle tissue. Initial (control) values of PLA and ATP concentrations in the foot muscle tissues of L. saxatilis were in the range of values previously reported for Littorina spp. (Sokolova et al. 2000b and references therein) . Air exposure at elevated temperature led to a pronounced and rapid degradation of the high-energy compounds (ATP and PLA) in White Sea and North Sea L. saxatilis, suggesting that ATP production was not able to keep pace with the energy demand under these conditions and/or that a drop in intracellular pH i occurred leading to ATP and PLA depletion. After 48 h of air exposure, when a considerable onset of mortality was detected in the experimental specimens, tissue levels of ATP, PLA and R PLA dropped to 1.4-1.7 µmol g -1 wet wt, 1.5-1.8 µmol g -1 wet wt and 35-45%, respectively. However, these values exceed the minimum concentrations of highenergy compounds associated with the onset of mortality in L. saxatilis during prolonged anaerobiosis under hypo-osmotic stress by a factor of 2-3 (Sokolova et al. 2000b) , indicating that the impaired energy status is not responsible for mortality of L. saxatilis during prolonged air exposure.
It is worth noting that the most resistant group (highshore snails from the White Sea) tended to maintain lower levels of ATP and PLA in both control and air exposure conditions than in North Sea periwinkles and low-shore snails from the White Sea. Higher control concentrations of high-energy phosphates (ATP and especially PLA) correlated with lower resistance to prolonged air exposure were also previously reported for subtidal Mytilus edulis from the White Sea as compared to their intertidal counterparts (Sukhotin & Pörtner 1999) . At the same time, high-shore Littorina saxatilis from the White Sea had significantly higher concentrations of fermentable substrate, L-aspartate, than their conspecifics from low-shore levels or from the North Sea. Survival times (LT 50 ) during prolonged air exposure at 30°C were significantly and positively correlated with the initial concentration of L-aspartate in the muscle tissue (r = 0.975, p < 0.025, N = 4) and negatively correlated with control PLA levels (r = -0.994, p < 0.01, N = 4) in L. saxatilis. This indicates that the higher resistance to prolonged emersion in intertidal molluscs may be correlated with a lower dependence on phosphagen reserves for buffering ATP and with increased substrate stores.
In conclusion, our data show that adaptation to prolonged air exposure at elevated temperatures, which may occur at high-shore levels during summer low tide, does not involve increased anaerobic capacity in Littorina saxatilis. Instead, improved water conservation abilities and metabolic rate depression combined with increased stores of fermentable substrate seem to be important for survival of the snails during prolonged emersion. A decrease in metabolic rate in air may be linked to the necessity to reduce the gaping inevitably associated with water loss. There is no evidence that impaired cell energy status is a direct reason for mortality in L. saxatilis during prolonged air exposure at elevated temperatures. In contrast, higher resistance to prolonged air exposure is correlated with decreased phosphagen stores and possibly reflects less dependence on phosphagen fermentation for buffering of the intracellular ATP pool in more resistant snails. Within a population, differences in physiological responses to prolonged air exposure at elevated temperatures are much more conspicuous between snails from different shore levels in the White Sea than in the North Sea. This reflects local environmental conditions at the 2 study sites, with much stronger and more extreme contrasts between high-and low-shore conditions at the White Sea as compared to the generally milder (micro-) climatic situation at the North Sea site. These data suggest that extreme and unpredictable conditions of the high-shore level may impose strong selection pressure on high-shore inhabitants, leading to considerable physiological (Sokolova et al. 2000a , this study) and genetic differentiation (Johannesson & Johannesson 1989 , Johannesson et al. 1995a even within a single species, and agree with the notion that performance limits evolve especially rapidly when populations are exposed to short, extreme, selective bouts rather than chronic, sublethal stress (Parsons 1987 , Trussell 1997 , Mongold et al. 1999 .
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